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Abstract
The Jurassic Johansen Formation has been assigned as a possible storage formation for CO2 captured from the
planned Mongstad capture plant. Safe storage of captured CO2 is the most important success factor in a feasibility 
study of Carbon Capture and Storage (CCS). Failure to ensure and communicate safe storage would be a serious
threat to implementation of CCS. In order to qualify deep saline aquifers for safe storage of CO2, several challenges 
may arise. The main challenges are related to data availability, qualification of sealing properties, size of geo- and 
simulation model and predictions of pressure increase and plume migration. These challenges have also been
encountered in the qualification of Johansen Storage Complex.
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Introduction
Gassnova SF is a public enterprise which provides advice to the Norwegian Ministry of Petroleum and
Energy (MPE) in matters relating to Carbon Capture and Storage. In addition, Gassnova is to contribute to
the implementation of the technology development program “CLIMIT” in cooperation with the Research
Council of Norway.
As a part of the planned CO2 capture plant at Mongstad, Norway, safe storage of the captured CO2 has to
be ensured. Gassnova has therefore been in charge of a Carbon Capture and Storage (CCS) project and 
performed a study for storage of CO2. The objective was to evaluate the Johansen Formation, a deep 
saline aquifer, as a potential storage site where the evaluation requirement was a CO2 stream of 3.2 Mt/y 
for 50 years. This work forms a basis for further maturation and qualification according to EU directive.
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During this work, several challenges arose related to qualifying a geological storage complex for CO2. 
Many of these challenges are generic and valid for many other potential storage sites.    
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Fig. 1. Outline of geological model (black line) and licences in area. 
Database 
Gassnova has acquired two 3D seismic surveys which have been merged with 3D seismic from the Troll 
license and covers in total 2200 km2. Available 2D seismic lines were used to cover the full extent of the 
storage formation.  
15 wells penetrate the storage formation. However, all of these wells are located in the structurally 
complex area north of the storage location. Only one 16 m core exists from the Johansen Formation. The 
core is 31 years old, not preserved and has been cut in several sections. Still, 6 plugs have been cut for 
core testing. Plugs for testing of cap rock and other storage formations were cut from unpreserved cores 
from wells 45 km away.  
Geological settings of the Johansen Storage Complex 
The Johansen Storage complex is located on the Horda Platform in the Northern North Sea, 10 km west 
for the Mongstad capture plant (Figure 1). The outline of the geomodel, black line, shows that the size of 
the storage complex is large (3500 km2), about 3 times the size of the Troll field.  
 
Previous studies based on well logs describe the Early Jurassic Johansen Formation as a deltaic deposit of 
Sinemurian to Pliensbachian age belonging to the Dunlin Group, e.g.[1-4]. In this study the Johansen 
Formation descriptions are based on integrated seismic analysis, well log and core analysis, and a new 
deposition model is suggested.  
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The Johansen Formation is interpreted to have been deposited as delta sands where strong wave influence 
and long shore transport have resulted in spit system deposits and a large difference in morphology and 
facies architecture which may indicate delta asymmetry. The presence of the Johansen Formation is 
proven by a number of wells in the northern part of the evaluation area and the formation is interpreted to 
be present all over the investigated area based on the observed seismic characters of the Johansen 
Formation. Seismic attributes and interpretation suggest lateral change southwards and westwards, 
outside the area with well control. These changes are reflected as elongated, coast-parallel features in the 
southwestern part, seen as amplitude anomalies in the 3D seismic. This has been interpreted as a 
sandstone system deposited in a high wave energy environment such as an open coast, probably with 
strong longshore currents. Longshore currents result in sediment sorting of sediment bodies and the 
longshore sediment distribution results in elongated distribution of sand bodies, a feature which is 
recognized by seismic attributes in this study. This elongated feature is interpreted as better developed 
(cleaner) Johansen Formation sand compared to the Johansen Formation depositions in the northeastern 
areas.  
The total storage formation thickness is interpreted to reach up to approximately 200 m in the mapped 
area and between 80 m to 180 m in the CO2 plume area. The Johansen Formation has the reservoir 
properties and sufficient depth to be used as a storage site for permanent storage of CO2. The selection of 
injection area is done considering both control of plume migration and confidence in good reservoir 
properties.  
The main sealing cap rock for the Johansen storage complex is the lower Drake Formation. However, the 
upper Drake Formation is considered a contributing layer. The Drake Formation consists of mainly 
marine shales within the basins, while there are sand deposits on the margins [5]. The Horda Platform has 
inputs of sand transported from the Norwegian Hinterland [4]. Such sand development is believed to be 
derived from long-lived sediment input routes [6]. In well 31/5-2 on the Horda Platform the Drake 
Formation is divided into an upper and a lower part, the upper part consists of sandstone alternating with 
siltstone and claystone, and the lower part consists of claystone. In addition a secondary sealing package 
consisting Jurassic, Cretaceous, Tertiary and Quaternary low permeable shales exists.  
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Fig. 2. Storage Complex is stratigraphically defined by top Drake Formation and bottom by top Statfjord
Formation. Laterally defined by major faults to the north, major faults and data availability to the east, and
by pinch out of the Johansen Formation to the western and south
Dynamic simulations
Simulation models that capture the main geological, fluid and flow characteristics are the basis for
dynamic predictions. The main objectives of these simulations are to provide insight into:
CO2 plume migration
Pressure increase
Injectivity estimates
Injection well optimization
Uncertainty and risk evaluations
Any leakage scenario evaluation
Simulations are run on sector models with added aquifer effects to account for total pore volume. Figure 3
shows how the CO2 flows, and how CO2 saturation (in red) changes over time. The map is of top 
Johansen Formation. CO2 migration will follow the topography of top storage formation.
Fig. 3. Simulation model for CO2 migration and pressure development in the storage complex. CO2 saturation
marked in pink.
Encountered challenges
Challenges as scarce data coverage, needs for proving sealing capacity and geomodels covering large 
areas will be encountered also in other potential CO2 storage site studies. The challenges experienced for 
the Johansen Storage Complex will therefore be relevant for qualification of other CO2 storage sites.
Challenge 1: Data availability
A potential CO2 storage site needs to be located away from commercial hydrocarbon fields in order to
avoid conflict with existing and future oil and gas industries. However, the amount of pre-existing data in 
such areas is often limited (e.g. low well density) which makes identifying storage and sealing formations
challenging.
5030   Kari-Lise Rørvik et al. /  Energy Procedia  37 ( 2013 )  5026 – 5035 
In the Johansen Storage Complex Study the exploration area covers approximately 3500 km2 and only 40
% of this area is covered with exploration wells penetrating the storage formation. Additional seismic was
gathered from the southern area (3) to improve the data coverage.
In the Johansen Storage Complex project the complex boundary has been defined by primary storage
formation pinch out zones to the south and west, and fault zones and data availability to the north and
east. 
Given the limited data availability, the risk of a non existing storage formation in the injection well has to 
be evaluated. Project risk is also linked to risk of storage formation presence being insufficient for the 
desired storage volume of CO2. These evaluations have been done in an uncertainty and risk analysis.  
 
Risk of insufficient or non existing storage formation presence could be evaluated based on these criteria:  
 
Well control:  To prove the presence of the storage formation, nearby wells have to penetrate a sufficient 
amount of sandstones of the same geological age within the storage complex. If the wells only prove thin 
storage formation sands, the quality of the sand stones and the well location has to be considered. For 
example, if the well is located optimally on the depositional system showing thin, low quality sandstones, 
the uncertainty should be considered high. The distance from the wells to injection area has to be 
considered; in principle the storage formation presence and quality uncertainty should increase with 
distance. Other data must be evaluated for a potential de-risk of the area.  
 
Storage formation sand source area: Knowledge of the possible source areas for the storage formation 
sand depositions is important. The number and petrophysical compositions of the possible source areas 
have to be taken into consideration.  
 
Depositional barriers: Observation of barriers that could have prevented sand depositions inside the 
storage complex is of importance. Such barriers could be faults, ridges and highs.  
 
Regional accumulation space: Accumulation space has to be available at the time of deposition. The 
regional isopach thick is used for this evaluation.  
 
Regional geological shapes: Observation of seismic facies indicating depositional environment and 
possible types of sedimentological facies (e.g. channels, clinoforms, mounds) has to be evaluated.  
 
Analogue: The knowledge of possible analogues to the storage formation depositional system is essential 
in the risk evaluation. Several analogues are possible; same age/facies at a different location, different 
age/same facies at same/different location and present day analogue (same/different location). The 
Johansen Storage Complex has been divided in to four different areas based on distance to wells and data 
availability (Figure 2), and these areas are risked separately. The consequence of this is that  the 
probability of presence change from  area to area. 
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Fig. 4. The Johansen Storage Complex. The presence of the Johansen Formation in the southern part of the
storage complex is defined by seismic interpretation, seismic inversion and different seismic attributes.
Challenge 2: Seal assessment
To qualify as a safe CO2 storage site, the presence of a sealing cap rock needs to be proven. In the
petroleum industry the presence of a seal is proven with a single well, by the simple fact that oil or gas is
found in a geological structure. Proving the presence of a sealing cap rock for CO2 storage must be done
by understanding lateral and vertical variations away from the well area and can therefore not be done by 
one single well.
In the Johansen Storage Complex study well evaluation was only possible in the northern part of the
storage complex. Seismic interpretation, seismic attribute analysis and literature studies of the potential
seal were therefore of great importance. The Drake Formation, an apparent laterally extensive shale, is
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defined as the primary seal of the Johansen Storage Complex. The formation has ample thickness
throughout and no evidence of leakage pathways has been found in the plume migration area. In addition 
a secondary sealing package consisting of Jurassic, Cretaceous, Tertiary and Quaternary low permeable
shales. The risk of CO2 migration into the cap rock and subsequent leakage to shallower layers and the
atmosphere, is considered insignificant due to good sealing cap rocks.
Fig. 5. Drake Formation thickness map, b) Lower Drake Formation thickness map. Red polygons represent 
plume injection and plume migration area. Mean thickness in injection area: 200m (Drake Formation), 100m 
(Lower Drake Formation)
Challenge 3: Geomodel – Simulation model
A large geomodel may lead to challenges related to the level of detail in the geological description, and in 
achieving an effective reservoir model. It is important to decide which areas should be included in the 3D
grid and which areas could be modelled as boundary effects. It is also important to evaluate how a 
coarsening of the simulation model affects the pressure and plume migration. In the Johansen Storage
Complex model, the formations and segments most likely in pressure communication with the CO2
injection well were included in the geomodel and simulation model. Vertical upscaling based on
evaluation of vertical barriers was done to reduce the computation time. Sensitivities of horizontal 
resolution and boundary effects were also investigated.  
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Fig. 6. Example of vertical upscaling of the Johansen simulation model
Challenge 4: Pressure communication predictions
It is important to determine how much the pressure will increase in the storage formation during injection
and how the CO2 will migrate within the storage complex. The lower the pressure increase, the lower the
risk of leakage through cap rock, faults or old wells. The pressure increase is related to total connected 
pore volume. Therefore, understanding the pressure communication within the storage complex and the
surrounding segments and formations is important. Limited exploration data means large uncertainties in
the estimation of connecting pore volume.
Fig. 7. Pressure build-up above initial 5 years after injection start
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In the Johansen Storage Complex study understanding of the pressure communication within the storage
complex and to surrounding segments and formations has been an important task to resolve. However,
limited exploration data means large uncertainties in the estimation of connecting pore volume. Figure 7 
shows an example of how the pressure increases spatially away from the CO2 injection well in the 
Johansen Storage Complex.
Statistical uncertainty analysis has been used to address and combine the main uncertainty parameters for
the estimated connecting pore volume. The result is an uncertainty distribution and expected value for 
total connecting pore volume. By combining the uncertainty in the pore volume with rock compressibility
and knowledge about the fracturing pressure for the cap rock, an uncertainty distribution in storage
capacity for the complex has been derived. Figure 8 shows an example of the uncertainty range in storage
capacity for the Johansen Storage Complex given the current data available.
Fig. 8. Uncertainty distribution of CO2 storage capacity for Johansen Storage Complex
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Conclusions  
Qualifying a geological area as storage for CO2 encounters different challenges than developing a 
hydrocarbon field. Limitation in data coverage, need of proving a sealing formation and geological model 
covering a large area are examples of these challenges. These challenges have encouraged seismic 
studies, modeling techniques and uncertainty and risk analysis for the Johansen Storage Complex which 
have been helpful in the maturing process. More data is still recommended in order to qualify the 
Johansen Storage Complex according to EU directive.  
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